Maltose metabolism in Lactococcus lactis involves the conversion of /?-glucose l-phosphate to glucose 6-phosphate, a reaction which is reversibly catalysed by a maltose-inducible and glucose-repressible /?-phosphoglucomutase (8-PGM). The gene encoding /?-PGM (pgmB) was cloned from a genomic library of L. lactis using antibodies. The nucleotide sequence of a 5695 bp fragment was determined and six ORFs, including the pgmB gene, were found. The gene expressed a polypeptide with a calculated molecular mass of 24210 Da, which is in agreement with the molecular mass of the purified /?-PGM (25 kDa). A short sequence at the N-terminus was found to be similar to known metalbinding domains. The expression of /?-PGM in L. lactis was found to be induced also by trehalose and sucrose, and repressed by lactose in the growth medium. This indicates that &PGM does not serve solely to degrade maltose, but that it is also involved in the metabolism of other carbohydrates. The specific activity of /?-PGM during fermentation was dependent on the maltose concentration in the medium. The maximum specific activity of /?-PGM increased by a factor of 4.6, and the specific growth rate by a factor of 7, when the maltose concentration was raised from 0 8 to 11-0 g I-'. Furthermore, a higher amount of lactate produced relative to formate, acetate and ethanol was observed when the initial maltose concentration in the medium was increased. The specific activity of a-PGM responded similarly to &PGM, but the magnitude of the response was lower. Preferential sugar utilization and a-and /?-PGM suppression was observed when L. lactis was grown on the substrate combinations glucose and maltose, or lactose and maltose; maltose was the least-preferred sugar. In contrast, galactose and maltose were utilized concurrently and both PGM activities were high throughout the fermentation.
INTRODUCTION
Phosphoglucomutase (PGM) catalyses the reversible transformation of D-glucose &phosphate to D-glucose 1-phosphate, a key metabolic step in all cells (Ray & Peck, 1972) . Glucose 1-phosphate is required for the synthesis of UDPglucose, which is a precursor for the production The EMBL accession number for the sequence of the DNA fragment containing the pgmB gene is 270730.
of glucose-containing polysaccharides. PGM activity is also essential for the glycolytic re-entry of glucose that has been stored as an energy reserve in forms such as glycogen and trehalose (Marechal & Belocopitow, 1974 ; Oh & Hopper, 1990) . Phosphorolysis of glucose oligoand polysaccharides usually yields a-glucose l-phosphate as a product. However, maltose has been found to be phosphorylated by a maltose phosphorylase to pglucose l-phosphate and glucose in LactobaciZZus, Neisseria and Lactococcus (Fitting & Doudoroff, 1952; Marechal et al., 1984; Moustafa & Collins, 1968; Sjoberg et al., 1995) . Trehalose phosphorylase, which PGM activity was present during both maltose and glucose utilization, it was found to be higher in maltosegrown lactococci. Unlike the constitutive expression of a-PGM, the synthesis of p-PGM has been found to be induced by maltose and repressed by glucose. The molecular mass of the a-PGM polypeptide is approximately 65 kDa and its isoelectric point is 4.4. The corresponding values for /?-PGM are 25 kDa and 4.8, respectively. These results indicate that there are differences in the amino acid sequence and biochemistry of the two PGM enzymes in lactococci.
There is little information about the regulation of both a-PGM and P-PGM in cells or their influence on the cellular metabolism, although it has been suggested that the level of P-PGM activity and associated maltosecatabolic enzymes, the presumed permease and maltose phosphorylase, affects product formation in maltosegrown lactococci (Qian et al., 1994; Sjoberg et al., 1995) .
The premise is that the enzymes involved in the degradation of maltose affect the intracellular concentration of metabolic intermediates which regulate key enzymes, such as lactate dehydrogenase, in the fermentative pathway (Sjoberg et al., 1995) . Here we describe the cloning of the L. lactis P-PGM gene, and present, as far as we know, the first known nucleotide sequence of a P-PGM gene. Furthermore, the regulation of both a-and P-PGM in lactococci growing on various carbohydrates was investigated, as was the formation of lactate, formate, acetate and ethanol.
METHODS
Bacterial strains, bacteriophages, plasmids and culture conditions. The strains, bacteriophages and plasmids used in this study and their relevant characteristics are listed in Table   1 . Escherichia coli LE392 was used for LEMBL3 propagation, and E . coli JM83 was used for plasmid pUC18/19. T o study the expression of P-PGM in E. coli, the cells were cultivated in LB medium supplied with ampicillin (100 pg ml-') with or without IPTG (0-5 pmol ml-l). The P-PGM gene was cloned from L. lactis 19435 obtained from the American Type Culture Collection. Chromosomal DNA was prepared from lactococci grown at 30 "C in M17 medium (Terzaghi & Sandine, 1975) containing maltose (1 g 1-l). T o study the effect of various carbohydrates on growth, a-and P-PGM specific activity and product formation in L. lactis, strains 19435 and 65.1 were cultivated in the following rich medium containing (1-I) : tryptone, 5 g ; yeast extract, 5 g ; Casamino acids, 1 g ; K,HPO,, 2.5 g; KHJ' O, , 2.5 g ; MgSO,. 7H,O, 0.5 g; pH 6.8. This medium was supplemented with carbohydrates as follows (1-l) : 1 g glucose, mannose, lactose, sucrose, maltose or trehalose for P-PGM induction experiments; 1 or 20 g maltose with 1 g glucose, lactose or galactose for mixed substrate fermentation experiments; 0-8, 1.5, 5.5 or 11.0 g maltose to study the effect of maltose concentration on product formation and a-and P-PGM activity. For the mixed sugar and maltose concentration experiments, parent cultures were grown overnight on glucose (20 g l-'), except for the experiments with lactose and galactose, in which case the parent culture was grown on lactose (2Og I-') or galactose (20 g l-l), respectively. Anaerobic conditions were maintained by nitrogen flushing before inoculation and while sampling. Inocula were prepared by centrifuging (5000 g, 10 min) the parent culture, washing the pellet with carbohydrate-free medium, and resuspending the cells in fresh medium. The inoculum size was 5 '/o (v/v). Inocula were prepared from the same parent culture for the experiments examining the effect of maltose concentration on product formation and a-and P-PGM specific activity.
Experiments containing substrate combinations of maltose (1.1 g 1-l) and glucose were conducted in duplicate. The reproducibility of these experiments was & 10.5 ' / o (specific growth rates), f 15.7% (initial /I-PGM specific activity) and f 7.6 '/o (P-PGM specific activities attained after glucose expiration) ; these figures represent the standard deviation as a percentage of the mean. Single experiments were conducted for cultures with substrate combinations of maltose with either lactose or galactose, and maltose (20 g 1-l) with glucose.
Triplicate experiments were performed for cultures with maltose at various concentrations (Fig. 4) . The reproducibility of these experiments was k 7 . 1 '/o (specific growth rates), f 16.6 '/o (p-PGM specific activity) and f 10.6 '/o (the magnitude of the difference in relative lactate formation).
Measurement of growth, pH, substrates and products. Cell growth was monitored by measuring the OD,,, and the pH of the cultures was measured. Portions of the samples were centrifuged at 5000g for 5 min (Microspin 24; Sorvall Instruments), and the supernatants were analysed for substrates and products. Glucose, maltose, galactose, lactate, formate, acetate and ethanol were detected with a differential refractometer (model RI-4; Varian) after separation of the compounds at 65°C on a prepacked Aminex HPX 87-H column (Bio-Rad) by means of a Varian 9012 high performance liquid chromatograph. The mobile phase was 0.005 M H,SO,, and the flow rate was 0.6 ml min-l. Standards were injected separately. Quantification was accomplished by computer integration using Star Chromatography Systems software, version 4.0 (Varian). Carbohydrates for experiments containing maltose and lactose were measured using the following enzyme test kits from Boehringer Mannheim : lactose/D-galactose (cat. no. 176303) and maltose/sucrose/Dglucose (cat. no. 1113950) Cell extracts, enzyme assays, SDSPAGE and Western blotting. At various times during culture growth, samples (200-500 ml) were collected and centrifuged at 5000 g at 4 "C for 5 min. The cell pellet was washed twice and resuspended in 5 ml 50 mM triethanolamine (TEA) buffer containing 5 mM MgC1,.6H,O (pH 7.2). The cell suspensions were frozen at -SO "C and the cells were disrupted mechanically either by an X-press (Biox), MSK cell homogenizer (B. Braun) or by a multi-wrist shaker (Lab-line Instruments), Cell debris was removed by centrifugation (10000 g, 4 "C) for 10 min. The supernatants were stored at -80 "C until used. The activities of a-and P-PGM were assayed as the conversion of a-or Pglucose 1-phosphate to glucose 6-phosphate by the formation of NADPH measured spectrophotometrically at 340 nm (Hitachi U-2000 spectrophotometer) as described by Ben-Zvi & Schramm (1961) . The protein concentration of the cell extracts was determined by the method of Bradford (1976) . The protein assay reagent was from Pierce. All the reagents and equipment for SDS-PAGE were from Bio-Rad. SDS-PAGE was done as described by Laemmli (1970) . Denatured proteins from the cell extracts were separated by SDS-PAGE (12.5 '/o gels) and electrotransferred to PVDF membranes (Millipore) using an LKB 2117-005 Multiphor I1 NovaBlot Electrophoretic Transfer Unit (Pharmacia). Detection of P-PGM on nitrocellulose membranes was performed using rabbit polyclonal antisera (Qian et al., 1994 ) and a goat antirabbit alkaline phosphatase (GAR-AP) immunoblot kit (BioRad) according to the manufacturer's instructions.
DNA techniques. Digestions, electrophoresis, electroelution, Southern blotting, hybridization and other DNA techniques were performed principally as described by Sambrook et al. (1989) . Probe labelling and purification were conducted by the Random Primed DNA Labelling kit (USB) and Nick Column (Pharmacia). Chromosomal DNA of L. lactis 19435 was isolated essentially as described by Sambrook et al. (1989) .
Plasmid DNA was prepared using a Qiagen kit. Isotachophoresis and USBioclean (USB) were used for purification of DNA fragments from agarose gels.
PCR was used for automatic sequencing (see below) and for the amplification of the putative P-PGM gene and other DNA fragments. The reaction conditions for sequencing followed the protocol provided by the DyeDeoxy Terminator Cycle Sequencing kit (ABI, Applied Biosystems). Pwo DNA polymerase (Boehringer Mannheim) was used for the amplification of the P-PGM gene. The two primers used were 5'-ATGACGAGAAAGAAGG-3' and 5'-GGGCATCTGATTG-GTT-3'. These are complementary to nucleotides 2034-2049 and 2813-2818, respectively, in the 5.7 kb sequenced PstISau3A fragment (Fig. 2) .
Cloning protocols.
A genomic library of L. lactis 19435 DNA fragments, partially digested with Sau3A, was prepared in E. coli LE392 by using the IEMBL3 Arms Cloning System and Packagene System (Promega). The genomic bank was screened for P-PGM expression by immobilizing bacteriophage i.
plaques on nitrocellulose filters (Sambrook et al., 1989) and using antibodies specific for P-PGM (Qian et al., 1994) . Positive plaques were isolated and phage lysates were prepared for P-PGM assay and Western blot analysis to confirm the isolation of the P-PGM gene. Recombinant 1 DNA was subcloned into pUC18/19 using a pUC Cloning kit (Boehringer Mannheim). E. coli cells were transformed as described by Sambrook et al. (1989) . Single colonies of E. coli transformants were grown in LB broth containing ampicillin and IPTG and cell extracts of the transformants were prepared for Western blot analysis. Finally, the putative gene was amplified by PCR from L. lactis chromosomal DNA and ligated into pUC19. The amplified fragment included a putative ribosome-binding site upstream of the gene. The insertion site was 55 bp downstream of the initial codon ATG of the lacZ' gene encoding P-galactosidase.
T o verify that the cloned fragment was identical to the corresponding chromosomal region, a Southern blot analysis was conducted. The recombinant plasmids and chromosomal DNA of L. lactis 19435 were digested and hybridized using the cloned fragment as a probe.
Nucleotide sequence and analysis. The DNA sequence of a 5695 bp Sau3A-PstI fragment was determined both by the chain-termination method (Sanger et al., 1977) 
binant plasmids from the subclones were used as template DNA. The primers used were either M13 sequencing primer (-40), reverse sequencing primer or synthetic 20-mer oligonucleotides synthesized by the Bio-Molecular Laboratory at Lund University, Sweden. The products of sequence reactions were purified by a Spin Down Column filled with Sephadex G-SO DNA grade (Pharmacia) and resolved by electrophoresis on 8 O/O (w/v) polyacrylamide gels. The nucleotide sequence shown in this communication was determined from both strands. The resulting sequence was edited and assembled by SeqEd version 1.0.3 (Applied Biosystems) and analysed using the Genetics Computer Group software package of the University of Wisconsin.
Determination of the N-terminal amino acid sequence of b-PGM. The /?-PGM enzyme was partially purified by ammonium sulphate precipitation, gel filtration and ionexchange chromatography according to Qian et al. (1994) .
The material was dialysed against 10 mM MgCl,, 5 ' / O (w/v) glycerol, 0.5 mM EDTA and 2 mM 2-mercaptoethanol (pH 7-3), and proteins were precipitated with 14 YO trichloroacetic acid. The proteins were separated by SDS-PAGE and electroblotted onto an ImmobilonTM PVDF membrane (Bio-Rad). The p-PGM band was isolated, and the N-terminal end of the protein was deblocked by incubating the band for 23 h at 25 "C in 0.1 M HCl/methanol. The N-terminal amino acid sequence of P-PGM was determined by Edman degradation. Sequencing was done by the Department of Cell Research, Uppsala University (Uppsala, Sweden).
RESULTS

Cloning and expression of the/?-PGM gene in Em coli
A genomic library of L. lactis 19435 was screened in E. coli with polyclonal antibodies raised against P-PGM. The screening resulted in the isolation of 10 recombinant A phages. Analysis of phage lysates by Western blotting revealed that two of these recombinant phages expressed a polypeptide of molecular mass approximately 25 kDa. This value was in agreement with the molecular mass of the purified P-PGM (Qian et al., 1994) as determined by gel filtration (28 kDa) and SDS-PAGE (25 kDa). The DNA insert from one of the two A phages was cloned into pUC18 for further analysis. The plasmid designated p N Q l contained an 11 kb Sau3A fragment (Fig. 1) . Southern blot analysis of the chromosomal DNA from L. lactis strain 19435 confirmed the restriction endonuclease map of p N Q l shown in Fig. 1 . A crude extract of E . coli JM83 harbouring p N Q l showed P-PGM activity ( Table 2 ). The specific activity was approximately 15 times lower than the activity observed in maltose-grown lactococci, even in the presence of IPTG. Various restriction fragments were subcloned into the vector pUC19 (Fig. 1) . Plasmid pNQ2, containing a 5.4 kb Sau3A-PstI fragment, and plasmid pNQ3, containing a 3.8 kb Sau3A-EcoRI DNA fragment, showed moderately increased P-PGM activity as compared with p N Q l (Table 2) . When crude extracts were prepared from cultures grown with IPTG, the P-PGM specific activity doubled. This indicated that the transcription direction of the putative P-PGM gene was the same as that of the lac promoter in pNQ2 and pNQ3, but not in pNQ1. The two plasmids pNQ4 and pNQ5, containing a 2.6 kb Sau3A-EcoRI fragment and a 3-3 kb HindIII fragment, respectively, showed no P-PGM activity or immunoreaction. Thus, the EcoRI site in pNQ4 and the HindIII site in pNQ5 are located within the P-PGM gene.
Sequence analysis of the /?-PGM gene
The nucleotide sequence of the 5695 bp Sau3A-PstI fragment of pNQ2 was determined (Fig. 2) . The analysed sequence covered the region of the predicted P-PGM gene and flanking DNA. Six ORFs were found (see Fig. 1 ; pNQ2). All ORFs except for ORF3 were directed in the same orientation as the lac promoter. The location of ORF2 was in agreement with the region mapped to contain the P-PGM gene. ORF2 predicted a polypeptide of 221 amino acid residues with a molecular mass of 24210 Da, which is slightly lower than the value determined for P-PGM by SDS-PAGE (25 kDa). The calculated isoelectric point of 4-76 was also in agreement with the determined value (4.8) of the purified P-PGM enzyme (Qian et al., 1994) . A sequence, 5'-AGAAAGAAGGT-3', complementary to the ShineDalgarno sequence 3'-UCUUUCCUCCA-5' at the 3' end of L. lactis 16s ribosomal RNA molecule (Ludwig et al., 1985) , was recognized 7 bp before the ATG start. There is a region of dyad symmetry located between ORFl and ORF2 which resembles a transcriptional terminator (Fig. 2) . Immediately downstream of this inverted repeat is a TTGGAA-16 bp-TATATT sequence which is a reasonable match to the -35 and -10 regions of the 070 promoter. Another stem-loop structure followed by a T-rich region was observed downstream of ORF2. This region may be a rho-independent transcription terminator. A PCR product representing the DNA region of ORF2 was inserted into pUC19 to investigate the expression of the predicted P-PGM gene. No P-PGM activity could be detected when a crude extract of strain JM83 harbouring the clone pNQ6 was investigated. However, a polypeptide with a molecular mass of 29 kDa was detected by Western blot analysis. The lack of activity is probably due to a fusion between P-PGM and P-galactosidase. T o prove that ORF2 is identical to the P-PGM polypeptide, P-PGM from L. lactis 19435 was purified to an extent that allowed its N-terminal amino acid sequence to be determined. The sequence of the first 15 amino acid residues of the P-PGM polypeptide was -MFKAVLFXLXGVITX-. Except for three unidentified amino acid positions (X), this sequence corresponded to the deduced N-terminal amino acid sequence of ORF2, and we concluded that ORF2 is the lactococcal P-PGM gene, designated pgmB.
An amino acid sequence homology search of available databases showed that the pgmB product has the highest identity (27.6 O/O ) with a hypothetical protein from Mycobacterium leprae (GenBank accession no. UOOOlS). A short sequence at the N-terminus of P-PGM and the corresponding region of the unknown Mycobacterium protein showed similarity with several metal- binding proteins in the databases (Fig. 3) . This hydrophobic-residue-rich region shows similarity to the -DGDGD-metal-ion-binding loop of a-PGMs revealed by structural studies (Dai et al., 1992) . The highly conserved catalytic site of a-PGMs and phosphomannomutases was however not found in P-PGM. The deduced amino acid sequences of the other ORFs did not show any homology with the polypeptides in the databases. The incomplete ORFl upstream of pgmB is predicted to encode a polypeptide with more than 620 amino acids.
Regulation of a-and /I-PGM
Previous work has shown that the synthesis of P-PGM is induced by maltose and repressed by glucose in the growth medium (Qian et al., 1994) . The effect of maltose concentration on cell growth, product formation and aand P-PGM specific activity was investigated further. The exponential growth rate decreased once the initial maltose concentration was less than 5 g 1-' (Fig. 4a) ; the specific growth rate decreased by factors of approximately 3-5 (1-5 g maltose 1-l) and 7 (0.8 g maltose 1-').
The maximum specific activity of P-PGM was around 0-20 pmol NADPH (mg protein)-' min-' for both cultures containing initial maltose concentrations of 5.5 and 11.0 g 1-' (Fig. 4b) . P-PGM responded differently in the cultures containing 1.5 and 0.8 g maltose l-', reaching maximum specific activities of around 0.05 and 0.04 pmol NADPH (mg protein)-' min-', respectively.
The specific activity of a-PGM responded similarly to p-PGM, but the magnitude of the response was lower ( 4b). A mixed acid formation was observed in all cultures (data not shown), but there was an increase in the amount of lactate produced relative to the other products when the initial maltose concentration in the medium was increased. Fig. 5 shows the ratio of the change in lactate concentration (mmol 1-' ) to the change in total product (lactate, formate, acetate, ethanol) concentration (mmol 1-'), against time. A ratio greater than 1 occurred near the end of some fermentations due to a slight decrease in the concentrations of formate, acetate and ethanol; this resulted in negative values for the concentration change of these products.
The effect on P-PGM expression by sugars other than maltose and glucose was investigated by inoculating L. lactis 19435 into defined media containing different sugars and measuring cell growth and P-PGM specific activity after 10 h incubation ( Table 3 ) . The activity was induced by trehalose and sucrose in the medium. The P-PGM specific activity of trehalose-grown cells was over three times greater than that measured in maltose-and sucrose-grown cells. After 10 h, cultures containing trehalose had the highest cell yield, sucrose cultures had the lowest cell yield and lactose, maltose, mannose and glucose cultures grew to approximately the same optical density. 
''. Specific activity (U mg-l) of P-PGM measured after 10 h growth.
The effect of mixed sugar substrates on f. l a d s growth, product formation and phosphoglucomutase activity
The growth curves from the experiments containing substrate mixtures of maltose and glucose (Fig. 6a) , and maltose and lactose (Fig. 6c) , demonstrate that L. l a d s cannot catabolize the carbohydrates in these substrate mixtures concurrently. Glucose (Fig. 6b) or lactose (Fig.  6d) are used in preference to maltose, which is only utilized after glucose or lactose has been exhausted (Fig.  6b, d ) ; a long diauxic growth lag period is a feature of these fermentations (Fig. 6a, c) . Product formation switches from homolactic during growth on glucose (Fig. 6b) or lactose (Fig. 6d) to a mixed product formation during growth on maltose. P-PGM specific activity was low during growth on glucose or lactose (Fig. 6a, c) , but it increased when these sugars were exhausted and maltose was the only carbohydrate present; this may account for the inability of L. lactis to use maltose when glucose or lactose are present. a-PGM followed the same trend as P-PGM.
A different fermentation pattern was observed when a substrate combination of galactose and maltose (Fig. 6e, f) was used. The diauxic growth lag period was absent (Fig. 6e ) and galactose and maltose were used concurrently (Fig. 6f) . The specific activities of a-and p-PGM increased even in the presence of galactose (Fig.  6e) and P-PGM attained a much higher maximum specific activity compared to the fermentations using substrate combinations of maltose with either glucose (Fig. 6a) or lactose (Fig. 6c) . The apparent lack of an inhibitory effect of galactose on P-PGM activity may explain why lactococci can catabolize maltose and galactose concurrently.
The above experiment which used a substrate mixture of glucose and maltose (Fig. 6a, b ) contained a relatively low concentration of maltose (1.1 g 1-I). The maximum p-PGM specific activity attained by this mixed substrate culture (Fig. 6a ) reflects the relatively low maximum p-PGM specific activity achieved when similar maltose concentrations were used in the single substrate experiments (Fig. 4a, b) . The fermentations in Fig. 4 demonstrated that high maltose concentrations induce a higher activity of P-PGM (Fig. 4b) . Given the dependence of p-PGM activity on maltose concentration, it was possible that a stronger induction of P-PGM by a higher maltose concentration may be sufficient to negate the repression of P-PGM expression by glucose in mixed substrate fermentations. As shown in Fig. 6(g) , a higher maltose concentration (20 g 1-l) resulted in the absence of a diauxic growth lag period and higher maximum a-and P-PGM specific activities, but the activity of /?-PGM was still repressed during the time glucose was in the culture (Fig. 6g, h ). The most surprising feature is that substantial quantities of maltose were consumed while glucose was present (Fig. 6h) , even though the P-PGM specific activity was low during this period (Fig. 6g) . This is in contrast to the previous experiment containing glucose and low concentrations of maltose (Fig. 6a, b) , since maltose was not consumed while glucose was still present in the culture.
DISCUSSION
a-PGM and /I-PGM catalyse the reversible reaction between glucose l-phosphate and glucose 6-phosphate in the presence of catalytic amounts of glucose 1,6-diphosphate and a divalent metal ion. Although the two PGM enzymes in lactococci only differ in the specificity of the phosphate group a t the anomeric carbon atom of glucose, our work has demonstrated that there are considerable differences in their enzymic structures and in their metabolic functions. PGM enzymes with a-specificity contain two highly conserved amino acid regions (Dai et al., 1992 N. Q I A N a n d OTHERS Peck, 1972) . These regions, a catalytic domain, -G(I/V) (V/I) (I/L)T(P/A)SHNP-, and a metal-ion-binding motif, -DGDGD-, are situated in the active site of the enzyme. A third region of homology was recently reported to be present in three PGM enzymes with phosphoglucose specificity (Brautaset et al., 1994) . It was suggested that enzymes lacking this third motif may have a broader substrate specificity. The deduced amino acid sequence of pgmB has no obvious similarity with the conserved regions of a-PGM. However, the Nterminal amino acid sequence of P-PGM was found to contain a region, -FDLDGV-, with homology to the Ca"-binding site -DTDLDGVVTFDLF-of human and rabbit cysteine proteases (Minami et al., 1987; Sorimachi et al., 1990) as well as the Mn2+-and Mg2+-binding site -DGDGD-of a-PGMs (Fig. 3 ) . A human inositol monophosphatase and a bovine inositol-polyphosphate 1-phosphatase have a similar conserved sequence, -DPIDGT- (Bone et al., 1994) . It was suggested that these phosphatases form a structural family with a conserved metal-binding site. Fig. 3 shows a consensus sequence, -FDLDG-, based on an alignment of several phosphotransferases, hydrolases and a number of hypothetical proteins. This motif is located at the Nterminus in 21 of 27 polypeptides investigated. Thus, the sequence -FDLDGV-may be a metal-binding site of P-PGM. Furthermore, the alignment of the amino acid sequences of the proteins in Fig. 3 (data not shown)
showed another conserved amino acid region, -KP(A/D)P-, in 12 of the proteins (Fig. 3 ) , which strengthens the relationship among them.
The expression of P-PGM was found to be induced by the disaccharides maltose (Qian et al., 1994) , trehalose and sucrose, which share an a-D-glucopyranosyl structure. These disaccharides are probably phosphorylated to P-D-glucopyranosyl phosphate and glucose by one or several disaccharide phosphorylases. This indicates that P-D-glucopyranosyl phosphate, or its derivatives, may be the inducer of P-PGM. Furthermore, the presence of P-PGM activity in the catabolism of these disaccharides suggests that P-PGM does not serve solely to degrade maltose, but that it is also involved in the metabolism of other sugars. a-PGM appears to follow a similar pattern to P-PGM in the presence of different carbohydrates. However, the magnitude of the change in its activity is not as great. The mechanism of regulation of a-PGM is not known in lactococci, but an induced a-PGM has been described in Saccharornyces cerevisiae when glucose repression is relieved or when galactose replaces glucose as the primary carbon source (Oh & Hopper, 1990 ). These results indicate that the activities of a-and P-PGM in lactococci play a key role in the regulation of the flow of carbohydrate intermediates in glycolysis and the formation of the sugar nucleotide UDPglucose.
The diauxic lag periods observed in the mixed substrate experiments appear to be a result of the weak induction of maltose catabolic enzymes by low maltose concentrations. This is evident by the slow rise in P-PGM specific activity in the presence of low maltose concentrations after glucose exhaustion, which contrasts with the absence of a growth lag period and corresponding rapid rise in P-PGM specific activity after glucose expiration when a high concentration of maltose was used. The poor induction of P-PGM activity by low maltose concentrations, and corresponding low growth rates, was also demonstrated in single substrate experiments using maltose at various initial Concentrations. It is almost certain that P-PGM is not the only enzyme responsible for the effect of maltose concentration on
Lactococcus growth, but its response to various maltose concentrations is likely to reflect the changes in activity of all maltose-specific catabolic enzymes in L. lactis, since previous work indicates that the maltose permease and phosphorylase are affected by maltose and glucose in a similar way to P-PGM (Citti et al., 1966; Sjoberg et al., 1995) . Preferential sugar utilization has previously been observed in lactococci (Thompson, 1987) using glucose, lactose and galactose. It was later found that the preferred sugars, glucose and lactose, prevented galactose uptake by both inducer exclusion and inducer expulsion mechanisms (Thompson & Saier, 1981) . These mechanisms, and also catabolite inhibition and catabolite repression (Magasanik & Neidhardt, 1987) , are associated with an active phosphoenolpyruvate sugar phosphotransferase (PEP-PTS) transport system which can inhibit the utilization of sugars not transported by a PTS system (Saier et al., 1996) . Like galactose, maltose catabolism in lactococci appears to be repressed by PEP-PTS transport since glucose and lactose, both of which are transported by PEP-PTS systems in L. lactis (De Vos et al., 1990; Thompson, 1980) , prevented maltose uptake and suppressed P-PGM activity at low maltose concentrations. Galactose, which at low concentrations is transported by a permease system in lactococci (Thomas et al., 1980) , did not inhibit maltose uptake. The particular mechanism( s) by which glucose and lactose inhibit the uptake of maltose by lactococci cannot be confidently deduced from our data. However, the low P-PGM activity during growth on glucose or lactose, and its increase following the exhaustion of these two sugars, suggest that it is associated with catabolite repression. Catabolite inhibition cannot account for the change in P-PGM specific activity, since we have previously demonstrated that the specific activity of P-PGM is related to the amount of P-PGM in the cell during growth on maltose and maltose/ glucose combinations (Qian et al., 1994) .
Maltose concentration was also found to affect product formation in L. lactis cultures, which was less homolactic when the maltose concentration was low (0.8 and 1.5 g 1-l; Fig. 5 ) . Mixed acid fermentations have also been observed in Lactococcus cultures grown on low galactose concentrations (Thomas et al., 1980) . Under these conditions, galactose is transported by a highaffinity permease and initially metabolized by the Leloir pathway (Thompson, 1980) . When the galactose concentration was increased, a low-affinity PEP-PTS dominated galactose transport and product formation became homolactic. In our mixed substrate experiments, maltose was consumed concurrently with glucose when (Thomas et al., 1980; Thompson, 1980) 
